Effects of nitrite and ammonium on cultivated methanotrophic bacteria were investigated. 2
(100 mL media in 250 mL Wheaton bottles sealed with septated screw-top lids) of nitrate 1 mineral salts (NMS; ATCC 1306) or ammonium mineral salts (AMS; ATCC 784) containing 10 2 µM copper at pH 6.8 under 50-50% air-methane atmosphere. Cultures were initiated with 1-3 x 3 10 6 cells mL -1 and grown in the dark at 30 °C with shaking (200 rpm). Although a range of 4 NH 4 Cl (25-100 mM) and NaNO 2 (0.5-5mM) amendments were tested in both NMS and AMS 5 (data not shown) 50 mM excess ammonium and 2.5 mM excess nitrite (medium contains 10 mM 6 of the respective N-source) were selected for intensive investigation as these amounts caused 7 differential responses by the bacteria but did not cause measurable osmotic effects. It must be 8 recognized that bacteria in pure cultures have vastly different physiological responses than those 9 operating in diverse, natural, communities; hence, while these N-loads were necessary to 10 stimulate a measurable differential response in the cultivated MOB, they are not directly 11 applicable to MOB in natural environments. 12 M. album had shorter doubling times in AMS than in NMS (P=0.03 by t-test), although 13 final cell densities were equivalent in both media as measured by direct microscopic count using 14 a Petroff-Hausser chamber under phase contrast light microscopy (Table 1) . Methylocystis sp. 15 had equivalent doubling times and final cell densities when grown in NMS and AMS. Both 16 strains released less nitrite when grown in AMS than in NMS, indicating more efficient uptake 17 and assimilation of ammonium than nitrate as an N-source (Table 1) . 18
Addition of 2.5 mM nitrite sped the initial doubling time of M. album in NMS, but did 19 not alter the overall growth curves (Fig. 1A&B ) or methane consumption rates (Table 1) as 20 measured by GC-TCD (GC-8A, Shimadzu; Hayesep Q column, Alltech) in either NMS or AMS. 21
Final cell densities of M. album were 29 and 36% less in nitrite-amended than in unamended 22 NMS and AMS, respectively (Table 1) . Nitrite-amended cultures also showed net nitrite 23 consumption (measured using a standard colorimetric assay (6)) and production of significantly 1 more nitrous oxide (measured simultaneously with methane) relative to unamended medium. 2 Amendment of Methylocystis sp. cultures with 2.5 mM nitrite significantly slowed doubling 3 times by 65 and 51%, methane consumption rates by 57 and 69%, and reduced final cell 4 densities by 46 and 63% relative to unamended NMS and AMS, respectively (Table 1) . Nitrite-5 amended cultures took 24-50 h longer to reach the end of exponential phase relative to 6 unamended cultures (Fig. 1C&D) . Unlike M. album cultures, nitrite accumulated in excess of the 7 2.5 mM amendment and no nitrous oxide was detected in any Methylocystis sp. culture (Table 1) . 8
The addition of 50 mM ammonium to M. album cultures slowed doubling times, but not 9 significantly, slowed methane consumption in NMS by 61%, and reduced final cell densities by 10 48 and 35% relative to unamended NMS and AMS, respectively (Table 1) . Although similar 11 amounts of nitrite were produced in ammonium-amended and unamended M. album cultures, no 12 nitrous oxide was measured in ammonium-amended cultures. Addition of 50 mM ammonium to 13
Methylocystis sp. cultures only significantly slowed doubling times and methane consumption 14 rates in NMS by 28% and 18%, respectively, and did not significantly alter final cell densities or 15 nitrite production in any culture (Table 1, Fig. 1C&D ). 16
Together, these results demonstrate that M. album was more tolerant to inhibitory effects 17 of nitrite than ammonium and Methylocystis sp. was more tolerant to inhibitory effects of 18 ammonium than nitrite. 19
Growth and activity of co-cultures. Co-cultures with equivalent initial numbers of M. 20 album and Methylocystis sp. were challenged with either 2.5 mM excess nitrite or 50 mM excess 21 ammonium added to NMS or AMS. The co-cultures grew equally well in both types of 22 unamended media, consumed methane at similar rates, and reached similar final cell densities 23 (Table 1) . Enumeration of each isolate by quantitative polymerase chain reaction (qPCR) showed 1 equivalent cell numbers from 0-24 h in the co-cultures at which point M. album outgrew 2
Methylocystis sp. and accounted for 80-90% of the population by 48 h (Fig. 2A) . However, late 3 into the period of zero net cell growth (60 h) the percentage of M. album decreased to 31-41% of 4 the population while Methylocystis sp. became dominant. Interestingly, nitrite levels did not 5 substantially increase in NMS or AMS co-cultures and N 2 O levels were lower than in pure 6 cultures of M. album, indicating more efficient N-assimilation by the co-culture than by either 7 pure culture (Table 1) . 8 The addition of 2.5 mM nitrite to the co-cultures resulted in essentially no growth of 22
Methylocystis sp. until well into the period of zero net change in cell numbers; 98-99% of growth 23 through exponential phase was attributable to M. album, which also accounted for 94-97% of the 1 population after 60 h growth (Fig. 2B ). Methane oxidation rates and final cell densities were 2 unaffected by the addition of nitrite relative to unamended co-cultures (Table 1) . Doubling times 3 increased only in NMS by 37% relative to unamended co-cultures. Levels of N 2 O production in 4 nitrite-amended co-cultures were similar to that in nitrite-amended M. album pure cultures 5 (Table 1) . 6
Ammonium-amended co-cultures showed equivalent growth of the two bacteria up to 7 late-log phase (36 h), at which point loss of M. album and growth of Methylocystis sp. resulted in 8 dominance of the latter after 60 h (Fig. 2C) . Addition of ammonium slowed doubling times of 9 the co-culture by 25 and 37% relative to unamended NMS and AMS co-cultures, respectively 10 (Table 1) . Ammonium amendment had no effect on final cell densities in either media or 11 methane oxidation rates in AMS, but methane oxidation rates decreased by 11% in NMS relative 12 to unamended co-cultures. A small amount of nitrous oxide was detected in ammonium amended 13 co-cultures, although far less nitrite was released to the media relative to ammonium-amended 14 pure cultures of either bacterium (Table 1) Cell Number
